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FOREYORD

The material presented herein constitutes the annual report for
Contract F33615-77-C-5053, 'Fatigue Failure of Composite Laminates',
for the period from May 1977 to April 1978. The overall objective of
this program was to conduct basic research on the fatigue failure of
composite laminates as a function of environmental exposure and the history
of loading, including the effects of load level, frequency, sequencing,
random loading, and compression. The program was originated to provide
a coherent, reliable data base for the graphite/epoxy material,
AS/3501-5A, which has been selected for design use by the Air Force.

Four laminate layups, i.e. [0°]6 sl [90°]8 piy? [:_45°]25, and
[0/0/90/iﬁ5]s, were chosen for this study, and the laminate plates
fabricated at the University of Dayton Research Institute. Over the
first year of effort, the following results have been obtained.

I. The static tensile strength distributions have been statistically
defined in terms of Weibull distribution parameters for the following
four laminates: [O°]6 i [90°]8 oly’ = h5°]25, and [0/0/90/1&5]5.

2. The S-N relationship for a [i_45°]25 laminate has been defined
in terms of both logarithmic and power law equations.

3. The life time distributions of the [i_hS]ZS faminate have been
defined at each applied stress level, as well as for the entire normalized
curve, in terms of a two-parameter Weibull distribution.

L. The lifetime distributions of the [O°]6 oly and [90°]8 aly
laminates have been defined at 90% of their average static strengths in
terms of a two-parameter Weibull distribution.

5. The temperature rise throughout the fatigue testing reached a

maximum of 5°C.
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SECTION |
INTRODUCT I ON

Over the last ten years, a number of high-temperature modified
epoxy resins have been developed for use as matrices in high performance
composite materials. These materials were developed to withstand the
high use temperatures encountered by high speed aircraft and other
military hardware.

The U. S. Air Force is now making an increasing commitment to the
use of advanced composites in strength-critical, safety-of-flight
structures. In so doing, proven life cycle durability is likely to be
required prior to production acceptance. Any such durability analysis
will have to include load-environmental effects on an accelerated time

frame basis because real-time and expense considerations make full-scale

TR T

proof testing infeasible. To implement such an analysis, the time frame

will have to be truncated and there will have to be some sort of test

verification of the analysis. The critical element in providing the
needed durability analysis is a reliable data base which includes the
effects of combined moisture-thermal environments. In addition to
providing design inputs, such a data base would also serve as a specifica-
tions guideline to quality control each step as the material is processed.
This report summarizes the results of the first year of a three-year
effort to provide a reliable fatigue data base. Experimental procedures
are described and results presented for static tensile tests and uniaxial
tension-tension fatigue tests on four graphite/epoxy (AS/3501-5A)

laminates: [0°]6 ply? [90°]8 ply’ [+ 45°],,, and [0/0/90/% 4s5] .
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SECTION (I

EXPERIMENTAL PROCEDURE

The prepreg material selected for this study is AS/3501-5A
graphite/epoxy manufactured by Hercules, Incorporated. The standard
cure cycle with the exception of the post cure was used to fabricate
61 cm (24") by 61 cm sample plates at the University of Dayton Research
Institute. Three sample plates were fabricated for each of the following
laminate configurations: [0°]6 ply, [90’]8 sl [iﬁ5°]25, and [0/0/90/:145]S
Table | lists the specific gravity and resin content for each sample plate.
The photomicrographs for these laminate plates are shown in Figures la,

Ib, lc, and 1d.

All tensile static and tension-tension fatigue specimens were 2.5 cm
(0.98'") wide and 15 cm (5.91"') long with 7.5 cm (2.95'") of gage section.
Each specimen was tabbed using 0.16 cm (0.0625'")-thick glass epoxy, and
was divided into 5 zones, namely A, B, C, D, and E, to specify the location
of the failure surface in each specimen. Figure 2 illustrates the test
specimen construction and the zone designation.

Static tensile tests were done on twelve specimens for each of the
four laminate configurations. Three of the 12 specimens were mounted
with strain-gages to determine the Poisson's ratio. All tests were
performed on a MTS machine under load control at a loading rate of
89 N/sec (20 1b/sec). Tension-tension fatigue tests were also performed
under load control on the eletrohydraulic eight-station test frame
(Figure 3). The stress ratio in fatigue was 0.1, and the frequency was
2/3 Hz. Figure 4 shows the mounting jigs used in the static and fatigue

tests.




Data acquisition for all tests was accomplished with a PDP-8

on-1line computer.

1. Results
a. Static Properties:

Tables 2, 3, 4, and 5 list the tensile static test results
for the four laminate configurations, i.e. [0 ]6 aly* [90°]g ol
[+45°1,

to obtain the longitudinal stiffness modulus for the [0°]6 oy [90°]8 oly”

and [0/0/90/jﬁ5]s. A least-squares linear fit was employed

and [0/0/90/:45]S specimen, as well as the initial tangent modulus, Eo
for the [i_lis"]zS specimen. The Poisson's ratios were also obtained

through a least-squares linear fit of the € data. A typical

L 5y

stress-strain response of [iﬁ5°]25 graphite/epoxy in uniaxial static

tension is shown in Figure 5. The failure modes for the four laminate

configurations are shown in Figure 6. The probability of survival (S)
for each laminate is obtained by fitting the data with a two-parameter

Weibull distribution:
s =exp [ -(X/Xo)a ] (m

where X is the experimental static strength. The results are plotted H
in Figures 7, 8, 9, and 10.
b. Fatigue Properties:

45° I :
1) [+45 ]25 Laminate:

The fatigue life of the [iﬁ5°]25 laminate was determined at four

stress levels. The S-N data, Figure 11, were fit by a straight line,

Aedibina dehor, g o p Suliade okt Baas sagt 1 -




,Smax/xo =mlog N+ b (2)
m= - 0.0752,
b = 1.035,

Standard Deviation (STD) = 0.026

and by a power law,

= d
Smax/xo = cN

a
([}

- 0.0434,

1.096,

c
STh. = 0.929

where ;o is obtained from Equation (1) and Y; is the average static

strength.

The temperature change during fatigue, which was recorded with a
temperature strain gage, was under 5°C. The fatigue failure mode was
not much different from the static failure mode. Under a low stress
fatigue ratio, i.e. Smax/;o < 0.7, delamination of the outer ply was
observed only a few cycles prior to ultimate failure.

The probability of survival, Sf, at each applied stress level is

obtained by fitting the fatigue life data with a two parameter Weibull

d!Stl lbUthll.

The results are plotted in Figures 12, 13, and 14 and show a reasonable
fit of the distribution.
Scatter in the pooled life data was also analyzed by using a

two-parameter Weibull distribution:




b |

~ O
Re=exp [ - An) ] (5)

N = N/Nth (normalized life data)

where Nth is the predicted life from Equation (3) and Rf is the
probability of the life being longer than N. The results are plotted
in Figure 15 along with all the normalized life data. The curve
shows a fairly reasonable fit even though the shape parameter O was
assumed to be independent of the applied stress level, Smax'

Using Equations (3) and (5), we can obtain a S-N curve
corresponding to any desired reliability. A S-N curve for 90%
probability of survival, i.e. Rf = 0.9, is shown in Figure 11 as an
example.

2) [0°]6 e Laminate.

The fatigue life of the [0°]6 Sy laminate was obtained at an applied
stress level S /; =~ 90%, and was fitted with a two-parameter Weibull

max’ o

distribution to obtain the probability of survival, Sf:

S = exp [ -N/No)u ]

The results are plotted in Figure 16.
o .
3) [90 ]8 ply Laminate.
The fatigue life of the [90°]8 Bty laminate was done at the applied
stress level Smax/xo ~ 90%. The probability of survival, Sf, was obtained

by fitting the data with a two-parameter Weibull distribution:

S¢ = exp [ (NN ]

The results are plotted in Figure 17.




TABLE 1

Physical Properties of Laminate Plates

Plate Laminate Specific % Resin
Number Orientation Gravity Content
1 0°, 6 ply 1.62 26.28
2 0°, 6 ply 1.63 26.66
3 0°, 6 ply 1.62 26.93
4 0°, 8 ply 1.62 26.83
5 0°, 8 ply 1.62 2772
6 6%, 8 ply 1.61 26.75
7 +45°, 8 ply 1.61 27.14
8 +45°, 8 ply 1.6 27.80
9 +45°, 8 ply 1.59 29.91
10 [0°/0°/90°/:_l+5°]s 1.60 30.22
1 [0°/0°/90°/+45°] 1.62 27.12
12 [0°/0°/90°/+k5°] 1.61 27.28
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FiGURE la. PHoTOMICROGRAPH OF [ Q7]
LamINATE (100X) .

FIGURE 1b. PHOTOMICROGRAPH OF [90°71g .y,
‘r LaminaTE (100X).
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FIGURE le. PHOTOMICROGRAPH OF [ #45° 7,
LAamINATE (109X,

F1Gure 1d. PHOTOMICROGRAPH OF [ 0/0/90/+U5 1,
LamINATE (100K
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STATIC SPECIMEN b) FATIGUE SPECIMEN

SPECIMENS ARE 2.5 cM WIDE AND 15 CM LONG WITH 7.5 CM OF GAGE
SECTION,

SPECMEN THICKNESS AND WIDTH ARE OBTAINED FROM THE AVERAGE OF
FIVE MEASUREMENTS, MADE AT THE MID-POINT OF EACH ZONE (1.5 cm

APART.)
TABS 7O BE cUT FROM AN 0,16 CM-THICK GLASS FABRIC.

Ficure 2., SpPecIMEN CONSTRUCTION.

13




THE ELECTROHYDRAULIC E16HT-STATION TEST FRAME,

FIGURE 3.

14




s s i, =S

a)

STAaTiC TEST

FI1GURE 4,

b)

MOUNTING JIGS.
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FATIGUE TEST
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FIGURE 7.
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STATIC STRENGTH

STATIC STRENGTH DisTRIBUTION OF [0°1¢ ), LAMINATE,
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F1Gure 8. StaTIC STRENGTH DisTRIBUTION OF [90° 14 i, LAMINATE.
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PROBABILITY OF SURVIVAL, S
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FIGURE 9. STATIC STRENGTH DISTRIBUTION OF [ #45° 1,5 LAMINATE.
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PROBABILITY OF SURVIVAL, S

00

L Gr/Ep AS/3501-5A
(0r0/90/245],
a S = expl-(X/X,)®]
a = 16.40
X, = 672. MPa
& STD. = 135
4l\/ I 1 ] | | MPa
500. 1000.
%‘l_ 1 1 1 L J 1 1 1 1 Ksi
50. 100.
STATIC STRENGTH
Ficure 10, StaTic STRENGTH DIsTRIBUTION oF [ 0/0/90/+451¢

LAMINATE .
21




5 8
% =
| 200
- LINEAR
- N mmee———- POWER LAW
- 10
| 180
25
E -4 8
| 160}
-
-~ 8 O
] ]
140
" 20 - r x\
® I =
> Az @
(7p] L
| 120
1 -4 6
151 0oL @ SINUSOIDAL LOADING e
B o TRIANGULAR LOADING ’
I L
E 4 SPECIMENS
- a
# 3 SPECIMENS
° 1 2 3 4 5 6 7
LOG(N)

FiGure 11. S-H ReLATIONSHIP OF THE [ #45° ), LAMINATE.

» THE LEAST SQUARE LINEAR FIT IS GIVEN BY E0, (2),

# THE POWER LAW FIT IS GIVEN BY Ea. (3).

» THE CURVE FOR 907 PROBABILITY OF SURVIVAL (R¢=0.9)
IS OBTAINED FROM EQ. (5),
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PROBABILITY OF SURVIVAL, S,
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Fiure 12. LiFe DiSTRIBUTION OF [+45° 1, LAMINATE AT THE

AppLiep STRess Lever S, /X, = 90%.
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FiGurRe 13, LiFe DISTRIBUTION OF [ +45°1,¢ LAMINATE AT THE
AppLIED STRESS LEVEL S, /X, = 8J%.

LOG (N)
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FIGuRe 14, LiFe DiSTRIBUTION OF [ #45° 1, LAMINATE AT THE
AppL1ED STRESs LEVEL S, /%X, = 60%.
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Fieure 15, LiFe DisTRIBUTION FOR PooLED LIFE DATA OF THE
[ +45° 1,5 LAMINATE, N 1s NormALIZED LIFE.
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Fiure 16, LiFe DisTRIBuTION OF [0°1¢ ., LAMINATE AT THE
AppLiED STREss LEVEL S, /X, = 90%.
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Fieure 17, LiFe DisTRIBUTION OF [90° g ), LAMINATE AT THE

ApPL1ED STRESS
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